Objective. To compare operative time and hemostasis of fiber-enabled CO 2 laser (FECL) energy to that of the electrocautery (EC) technique for oral tongue resection, to compare return to oral intake and preoperative weight after FECL and EC resection, and to compare histologic changes in adjacent tissue after FECL and EC resection.
T he line-of-slight CO 2 laser was the subject of a multitude of studies involving the upper aerodigestive tract before the flexible fiber-optic CO 2 laser carrier was developed in 2002. [1] [2] [3] [4] [5] [6] [7] [8] [9] While research comparing the line-of-site CO 2 laser to other accepted techniques (microdebrider, KTP laser, electrocautery [EC] , scalpel) has been published, comparison studies using the fiber-enabled CO 2 laser (FECL) are not yet available. 1, 2, 10, 11 We compared the instrument's usefulness to the already widely used EC method of resecting lesions of the oral cavity/oropharynx. The newly developed FECL has been proposed for use in resecting tumors of these areas in humans with a shorter operating time, comparable removal of tissue, less intraoperative bleeding, less postoperative bleeding, and faster return to normal mucosa. As the FECL is a considerably more expensive tool than conventional EC, efficacy data would be valuable.
Rats have been shown to be a useful model in evaluating the histologic and behavioral effects of surgical tools in the oral cavity. 2, 11 In our study, we used a rat model to compare the healing process and behavioral changes following tongue resection using 2 techniques. Specifically, we sought to compare the operative time and hemostasis of FECL to that of the EC technique, compare return to oral intake and preoperative weight after FECL and EC resection, and to compare histologic changes in adjacent tissue after FECL and EC resection.
Methods
Approval was obtained from the Institutional Animal Care and Use Committee, University of Tennessee Health Science Center (UTHSC). Thirty-two adult male rats (Sprague-Dawley) were obtained from the Jackson Laboratory (Bar Harbor, Maine). Animal care and housing were provided at an Association for Assessment and Accreditation of Laboratory Animal Care-approved facility at UTHSC. Food (Harlan Teklab 7012) and water were available ad libitum. One to 2 weeks prior to surgery, food and water consumption and body weight were measured for 2 days in the home cage.
Surgical Technique
Rats were anesthetized intraperitoneally with a mixture of ketamine hydrochloride (86 mg/kg) and zylazine hydrochloride (13 mg/kg). Surgery was performed using sterile techniques. The rats were laid supine and retained spontaneous ventilation throughout surgery. The tongue was retracted from the oral cavity with forceps. A ruler was used to measure 3 mm from the tip of the tongue, and the EC or FECL was then used to incise transversely at this level. A full-thickness incision was made to remove the anterior 3 mm of the tongue. Operative time was recorded with a handheld stopwatch. Operative time began when the EC or FECL initially touched the tongue tissue and ended when the tip of the tongue was completely transected or after any posttransection bleeding was effectively coagulated. Any blood loss was collected on a previously weighed cotton-tip applicator and weighed after use. Blood loss was recorded as change in weight of the cotton-tip applicator. For any bleeding during an FECL resection, the CO 2 laser was withdrawn slightly from the operative site and used on the same power setting to coagulate the area. For any bleeding during an EC resection, the Bovie was used gently on a coagulation setting to stop the bleeding.
Two rats served as pilots to define fiber and laser settings. In one rat, the CO 2 laser fiber (150 cm length, 1.2 mm OD, 315 mm core size; OmniGuide, Inc, Cambridge, Massachusetts) was used to perform a transverse full-thickness excision of the anterior 3 mm of the oral tongue. The power setting of 7 W appeared to be both effective and delicate. In a second rat, the Colorado needle tip Bovie EC on a setting of 25 W spray was used to transversely resect the anterior 3 mm of the oral tongue. These settings were effective in cutting and coagulating and were chosen to be used on the 30 test rats.
Our study included a similar number of subjects as recent publications in the otolaryngology literature. Johnson et al 10 included 12 canines in his comparison of microdebrider to EC, and Yamasaki et al 11 included 30 rats as study animals in evaluating the CO 2 laser. Carew et al 2 included 40 rats, studying 4 different cutting modalities (CO 2 laser, KTP laser, scalpel, and EC) with 10 rats per modality. Therefore, we chose to include 30 rodents: 15 in the FECL arm and 15 in the EC arm.
Rats 1 to 30 underwent resection of a 3-mm transverse area of the anterior tongue. For rats 1 to 15, this was performed using the fiber-enabled CO 2 laser. For rats 16 to 30, each procedure was performed with Bovie cautery and a Colorado needle tip. The order resected with each surgical technique was randomized.
Following either surgical procedure, 3 mL of sterile NaCl and buprenorphine (0.005 mg/kg) were injected subcutaneously. Rats were monitored for 2 to 3 hours until fully awake and taking oral feeds.
Postoperatively, the rats were continued on a regular diet, weighed, and monitored daily. Food and water intake was measured by weighing food and water bottles every 24 hours. Water consumption was reported in milliliters. Rats were also weighed just before killing on postoperative day (POD) 3 or 7.
Procedural Analysis
We recorded the length of time required to resect each lesion (seconds), the amount of intraoperative bleeding (change in weight of cotton-tip applicators), and frequency of postoperative bleeding.
Histological Analysis
Samples of the healing excision sites were obtained for histologic evaluation at different postoperative intervals (POD 0, 3, and 7). Therefore, the 2 arms (15 animals in the FECL arm, 15 animals in the EC group) were divided into 3 groups of 5 depending on day of killing (POD 0, 3, and 7). The animals undergoing killing on POD 0 were taken directly from the operating table to the perfusion area, whereas the animals undergoing killing on POD 3 and 7 were anesthetized prior to perfusion. All rats were perfused transcardially with phosphate-buffered saline followed by 10% neutral-buffered formalin. The entire tongue was visualized and removed back to the vallecula. The entire remaining tongue was removed on POD 3 in 5 of the rats who underwent FECL excision and 5 of the rats who underwent EC resection. This was performed on POD 7 in the remaining 5 rats who underwent FECL excision and the remaining 5 rats who underwent EC resection.
Coded-labeled specimens were stored in formalin, embedded in paraffin, and sectioned longitudinally on a microtome, perpendicular to the incision. The specimens were mounted on slides and stained with hematoxylin and eosin (HE).
Johnson's mucosal wound healing scale (MWHS) scores were used to compare healing rates between surgical groups. His team created this objective system in 2008 for quantifying observed mucosal wound healing in animals undergoing microdebrider and EC tonsillectomy. 10 Interrater reliability and construct validity of this scale were verified.
A blinded pathologist assigned an MWHS score to each of the samples. A second blinded pathologist verified the scores of the 30 specimens. No discrepancies in MWHS assignments between pathologists were noted. As described by Johnson, the variables of inflammatory surface crust and vessel wall necrosis were assigned a score of 0 if absent and a score of 2 if present. 10 Surface epithelium was assigned a score of 2 if absent and 0 if present. Neutrophilic infiltrate was assigned values of 0 for no neutrophils, 1 for intermediate concentration, and 2 for thick sheets of neutrophils. Myofibroblast proliferation was labeled 0 for none appreciable, 1 for 1 to 50/ high-powered field (HPF), and 2 for more than 50/HPF. Values for each of these 5 categories ranging from 0 to 2 were totaled, for an MWHS from 0 to 10. Higher scores indicated greater injury, and lower scores indicated faster healing. 10 
Statistical Analysis
Mean values are provided with 95% confidence intervals (CIs). Body weight and behavioral data were analyzed using a general linear model: repeated measures (day) with a between-subjects factor (surgery type). Where appropriate, post hoc comparisons were made via t test with a Bonferroni correction for multiple comparisons. Other comparisons between surgical groups (eg, surgery time, MWHS) were made via t tests. The statistical rejection criterion was set a priori at the .01 level.
Results Bleeding
No rat experienced postoperative bleeding after awakening from anesthesia. Intraoperative bleeding occurred more frequently in the rats undergoing EC resection (4 rats, 27%) than FECL resection (2 rats, 13%). However, among the rats that experienced intraoperative bleeding, the amount of blood loss per rat was greater in the FECL resections (mean change in cotton-tip applicator weight = 0.347 g for FECL, 0.152 g for EC).
Operative Time
The length of time required to resect the tongue was shorter when using the EC, with mean operative time for FECL resection of 10.63 seconds (CI, 9.11-12.14) and for EC resection 6.13 seconds (CI, 4.94-7.32). This difference was significant (P \ .0001). The FECL also required more passes of the tool to perform complete transection than did the EC.
Food and Water Intake
Water intake. Over days 1 to 3, there was not a significant effect of surgical group (n = 10 per group), although there was a significant group 3 day interaction (P \ .01). However, post hoc testing did not reveal significant differences on individual days 1 to 3. By day 3 in both the 3-day and 7-day experiments, mean water intake for both surgery types was 27.5 mL, with a CI of 22.5 to 32.5 (Figure 1) . This was similar to the average daily presurgical intake (26.8 mL; CI, 23.6-30). Consumption on days 4 to 7 in the 7-day rats continued at about this same level. Over days 4 to 7, there was neither a significant main effect of surgical group (n = 5 group) nor a significant group 3 day interaction.
Food intake. Rats gradually increased their food intake across the test period(s) in both the 3-day and 7-day experiments ( Figure 2) , eventually exceeding the mean pretest intake value, which was 20.1 g per 24 hours (CI, 18.5-21.6). By day 3, mean food intake for all rats was 21.6 g (CI, 19.0-24.3). There was no significant main effect of surgery group over days 1 to 3 (n = 10 per group) or over days 4 to 7 (n = 5 per group). . Mean (SD) food consumption (g) in fiber-enabled CO 2 laser or electrocautery rats. Combined data from the 3-and 7-day groups (n = 10/surgery type) are shown for postsurgical days 1 to 3; consumption data from days 4 to 7 are also shown for the 7-day animals (n = 5/surgery type).
Body Weight
Prior to presurgical testing, the mean body weight of all rats was 368.9 g (CI, 357.4-380.4). Weight loss following surgery was expressed as a percentage of the original presurgical body weight to control for potential group differences (Figure 3) . Over days 1 to 3, there was not a significant main effect of surgery (n = 10 per group), but there was a significant effect of day (P \ .0001) and a significant group 3 day interaction (P \ .001). However, post hoc testing did not indicate significant effects on individual days 1 to 3. In the 7-day rats, there was (from day 4-7) a significant effect of day (P \ .00001) and a significant day 3 group interaction (P \ .05). There was a trend on days 5 to 7 for the FECL rats to gain more weight than the EC rats. However, when the groups were examined on individual days via post hoc tests, there were no significant differences (P's \ .12-.2).
Histology
Mucosal wound-healing scale scores were recorded for each rat and averaged among the surgical groups. Photographs were taken of the histologic sections (Figures 4 and 5) .
POD 0 rats. No surface crusting was noted in any of the rats sacrificed immediately after EC or FECL resection. No epithelium was noted, indicating the fresh surgical incision. No vessel wall necrosis, neutrophils, or myofibroblasts were present yet.
POD 3 rats. The average MWHS scores of rats killed on POD 3 were 8.4 (FECL) and 6.6 (EC; not significantly different). Epithelium was not seen in any of the FECL rats and was seen in 1 of the 5 EC rats (20%). Crusting was now seen in all of the FECL rats (100%) and in 4 of 5 EC rats (80%). Incidences of vessel wall necrosis, neutrophilic infiltrate, and myofibroblast proliferation were similar between the 2 groups. However, the intensity of neutrophilic infiltrate was greater in the FECL group. POD 7 rats. The average MWHS score of rats killed on POD 7 were 2.8 (FECL) and 3.4 (EC; not significantly different). Only 1 EC rat (20%) and 1 FECL rat (20%) showed surface crusting. No vessel wall necrosis was seen in either group. Three FECL rats (60%) showed surface epithelium, and 1 EC rat (20%) had epithelium. Neutrophilic infiltrate was seen in twice as many EC rats (80%) than FECL rats (40%). Myofibroblast proliferation was also seen in more EC rats (80%) than FECL rats (60%).
Discussion
In our study, the incidence of intraoperative bleeding was higher during EC resection than FECL resection. Given that the resection was slower when using the FECL, perhaps this resulted in more extensive cauterization of vessels in this group. Other reports support the fact that the laser results in increased coagulation. 1,3 Figure 3 . Mean (SD) percentage change in body weight in fiberenabled CO 2 laser or electrocautery rats. Combined data from the 3-and 7-day groups (n = 10/surgery type) are shown for postsurgical days 1 to 3; body weight data from days 4 to 7 are also shown for the 7-day animals (n = 5/surgery type). When using the pulse or super pulse mode of the CO 2 laser, thermal injury to surrounding tissue is minimized. However, the disadvantage of using either of these modes is longer operative time. 1, 3 This was evident in our study, as resection using EC took 43% less time than resection using FECL. When using the instrument in larger subjects (humans), the difference in procedure time may become a greater concern.
In a previous study, rats were weighed daily to assess oral intake. 2 In our study, we directly measured oral intake (food and water). Remarkably, all rats in our study drank a significant amount of water on the first POD but relatively little on the second day. This could be due to increased thirst following surgery. After repletion, the rats did not need to consume as much water the following day. In addition, the effects of the analgesia may have dissipated by POD 2. Food intake was slightly more stable. Rats initially showed decreased food intake and then gradually increased their food intake across the test period independent of type of surgery.
Traditional electrosurgical techniques (EC) have been presumed to cause more pain and inflammation. 10 Similarly, we found an earlier return to baseline weight in rats undergoing FECL resection, which may have been related to less postoperative pain or swelling caused by the FECL.
EC has been postulated to result in greater crusting than FECL. However, we noticed no increase in crusting with EC. In fact, no crusting was seen in either group until POD 3 and resolved in all but 2 rats (1 in each surgical group) by POD 7. Therefore, the low rate of crusting was identical in the 2 surgical groups and seemed to reach a peak at POD 3.
We examined the specimens on POD 3 and 7 to allow comparison with previous studies. 10, 11 Johnson et al 10 reported improved healing by POD 3 when comparing the microdebrider to EC. However, we found similar healing between the FECL and EC groups on POD 3 ( Figure 6) . By POD 7, neutrophilic infiltrate was seen in twice as many EC rats, the opposite of the POD 3 results. Greater epithelialization and myofibroblast proliferation were seen in more EC rats, supporting the theory that EC results in greater scarring. Johnson et al 10 also found greater rates of myofibroblast and neutrophil infiltration on POD 3 and 9 in dogs undergoing EC resection.
Average MWHS were higher in the FECL group on POD 0 and POD 3. However, by POD 7, the FECL had slightly lower MWHS than the EC group and therefore evidence of better recovery. Despite the trends and differences of MWHS scores and weight loss between the surgical groups, there were no statistically significant differences. With greater number of subjects in our study, perhaps statistical significance would have been reached to confirm these apparent trends.
The incidence of mucosal malignancies related to the human papillomavirus is rising and subsequently so is the need for scientific investigations of various treatment options, including resection using the FECL. With greater costs for newer, more sophisticated surgical tools, it is important to compare the benefits of the tools with the cost to the patient, hospital, and payer before justifying use in human subjects. Multiple studies have been performed with each laser as it is introduced, and now attention has been turned to the new fiber-enabled carrier of the CO 2 laser. This study accentuates advantages and disadvantages of this tool when considering histologic and behavioral aspects.
Conclusions
EC and FECL are both effective for resection of the tongue in rats. There was no effect of surgery on body weight in the first 3 days postoperatively, with both groups having equal changes in weight. Although EC has the advantage of shorter operative time and lower MWHS scores by POD 3, FECL has the advantages of lower incidence of intraoperative bleeding, faster return to baseline body weight, and lower MWHS score by POD 7. Despite definite trends, no statistical significance was noted in MWHS, weight loss, or return to oral intake between the FECL and EC methods. This is in contrast to studies with the line-of-site CO 2 laser, which showed notable benefits of the laser in comparison to the EC. animal behavior, data analysis, revision of article, approval of article; Merry E. Sebelik, design, acquisition of data, approval of article; John D. Boughter Jr, design of project, statistical analysis, animal care, animal anesthesia, revising the article, approving the article.
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